The effect of deuterium incorporation into SiO 2 on the stress-induced leakage current (SILC) of the gate oxide was investigated using deuterium pyrogenic oxidation and deuterium annealing. As a result, we found that the SILC is reduced by deuterium pyrogenic oxidation under Fowler-Nordheim (F-N) electron injection from the substrate, and that the SILC is not improved by deuterium annealing, although a large amount of deuterium is contained in the SiO 2 film.
Introduction
The need for high reliability of thin gate oxides is a critical issue in view of the decreasing size of ULSI devices. Recently, it has been reported that reduction of the hot carrier induced degradation of the SiO 2 /Si interface was observed when deuterium annealing was substituted for forming gas annealing during complementary metal oxide semiconductor (CMOS) processing. 1, 2) This effect was explained as being due to the difficulty of Si-D bond breaking at Si/SiO 2 interfaces under hot-electron stress.
3) However, this deuterium effect under the Fowler-Nordheim (F-N) stress has yet to be investigated sufficiently, although the reliability of deuterated oxide obtained by oxidation with the heavy water (D 2 O) has been reported. 4) Independent of this work, we have investigated the improvement of SiO 2 quality using deuterium pyrogenic oxidation. In this study, however, we focus on the stress-induced leakage current (SILC) under the F-N stress. In addition, deuterium incorporation into the gate oxide by deuterium pyrogenic oxidation is compared with deuterium annealing.
Experimental
The devices used in this experiment were MOS capacitors fabricated on n-type and p-type Si (100) substrates without isolations or passivations. Gate oxides were grown in a pyrogenic ambient using hydrogen or deuterium at 850
• C. Although Kim and Hwang reported on the reliability of deuterated-oxide obtained by oxidation with heavy water (D 2 O), 4) we employed deuterium pyrogenic oxidation in order to maintain a clean oxidation environment. Undoped poly-Si was deposited using monosilane (SiH 4 ) gas at 620
• C by the low pressure-chemical vapor deposition (LP-CVD). Doping to a gate electrode was performed by phosphorous diffusion at 850
• C. Some of the devices were annealed in deuterium ambient at 450
• C. For deuterium annealing, the gas ambient was a mixture of 50% deuterium and 50% nitrogen. In this paper, we denote these samples as "H 2 -pyro. oxide", "D 2 -pyro. oxide", and "H 2 -pyro. oxide + D 2 -anneal". Table I briefly lists the oxidation and annealing conditions used in this work.
The electrical stressing was performed under the constantcurrent F-N injection conditions at room temperature. For sensing the SILC, the current-voltage (I -V ) characteristics were measured, periodically interrupting the F-N stress. The oxide thicknesses (tox) of all devices were evaluated from the capacitance-voltage (C-V ) measurement using the same MOS capacitors with the SILC measurement. Figure 1 shows the SILC of both "H 2 -pyro. oxide" and "D 2 -pyro. oxide" as a function of oxide thickness. Here, we define the SILC value as follows. First, we measured the I -V characteristics of unstressed devices and determined the sensing gate voltage (V gs ) at which the gate current reaches 10 −9 A/cm 2 . Then, the SILC is evaluated as the increase of the gate current at V gs after the constant-current stressing. Here, we note that the thickness of "D 2 -pyro. oxide" becomes thinner than that of "H 2 -pyro. oxide" under the same oxidation condition. This result indicates that the growth rate of the deuterium pyrogenic oxide is slower than that of the hy- Table I . Oxidation and annealing conditions.
Results and Discussion

Sample
Oxidation Annealing Figure 3 shows the depth profiles of deuterium in the SiO 2 films, obtained by secondary-ion mass spectroscopy (SIMS). It is found that the deuterium concentration after the gate-doping process is less than the detection limit of SIMS (Fig. 3(b) ), although more than 10 18 atoms/cm 3 of deuterium is contained in the entire SiO 2 film before the gate-doping process ( Fig. 3(a) ). It is inferred that most of the deuterium atoms which are incorporated into the SiO 2 films during the oxidation diffuse out due to the high-temperature annealing of the gate-doping process. This result indicates that the deuterium atoms which are incorporated into SiO 2 by deuterium pyrogenic oxidation are efficient in bringing about the suppression of the SILC, even with a small amount of deuterium, as shown in Fig. 3(b) . In contrast, after deuterium annealing, about 10 20 atoms/cm 3 of deuterium is detected, mainly at the Si/SiO 2 interface, as shown in Fig. 3(c) . It has previously been reported that higher deuterium concentrations inside the furnace are necessary for sufficient deuterium incorporation into the SiO 2 /Si interface during the sintering processes. 5) However, the results shown in Figs. 2 and 3 indicate that the suppression of the SILC by the deuterium incorporation cannot be explained solely by the quantity of deuterium in SiO 2 . It is inferred that the more robust bonding configurations of deuterium and/or the more stable SiO 2 structure are brought about by deuterium pyrogenic oxidation, and that the trap creation is suppressed by deuterium pyrogenic oxidation. drogen pyrogenic oxide. In addition, it is found that the SILC values are sensitive to the oxide thickness even within 0.1 nm. Therefore, consideration of the statistical distribution is essential in order to accurately evaluate the effect of the deuterium incorporation into the gate oxide. Furthermore, we have confirmed that the unstressed I -V characteristics for all oxides at the same oxide thickness were identical, and the accuracy was within 10 −11 A/cm 2 at V gs . The deuterium effect on the SILC can be accurately evaluated through both the difference in oxide thickness and the unstressed I -V characteristics, as mentioned above. As shown in Fig. 1 , it is found that the SILC is suppressed by the deuterium pyrogenic oxidation and that the difference between the "H 2 -pyro. oxide" and "D 2 -pyro. oxide" increases with the electron fluence (Q inj ) under the substrate injection condition. In order to quantitatively evaluate the deuterium effect on the SILC for both oxides, we have compared the SILC value of "H 2 -pyro. oxide" and that of "D 2 -pyro. oxide" under the same oxide thickness (=7.67 nm), which is indicated as a broken line in Fig. 1 . Figure 2 shows the SILC as a function of Q inj under both polarities of F-N stress. Note that the polarity dependence of the deuterium effect can be clearly observed. Namely, under the substrate injection condition, the SILC of "D 2 -pyro. oxide" is clearly reduced compared with that of conventional "H 2 -pyro. oxide". In contrast, under the gate injection condition, the SILC of "D 2 -pyro. oxide" is the same as that of "H 2 -pyro. oxide". In addition, it is found that, in the case of deuterium-annealed devices ("H 2 -pyro. oxide + D 2 -anneal"), the SILC is not suppressed under either stressing polarity. drogenated silicon dangling-bond defects 7) or the formation of a hydrogen bridge at oxygen vacancies. 8) However, considering the results for the polarity dependence of the SILC, it is inferred that the trap-creation mechanism cannot be explained solely by the hydrogen-release model. It is inferred that the consideration of two possible origins, hydrogenrelated and hydrogen-unrelated, is necessary in order to understand the mechanism of SiO 2 degradation. Furthermore, with regard to the difference between "D 2 -pyro. oxide" and "H 2 -pyro. oxide + D 2 -anneal", it is suggested that the hydrogen atoms which are included in the SiO 2 structure contribute to the trap creation rather than the hydrogen atoms which passivate the silicon-dangling bonds.
Conclusions
Using deuterium pyrogenic oxidation and deuterium annealing, we investigated the effect of deuterium incorporation Finally, we briefly discuss the mechanism of SiO 2 degradation. It is well known that the electron traps which are builtup in the gate oxide during the electrical stressing contribute to this SiO 2 degradation.
6) The hydrogen-release model has been proposed to explain the trap creation. 7) In this model, hydrogen is released from the anode Si/SiO 2 interface by hot electrons, diffuses back to the cathode Si/SiO 2 interface and creates new electron traps by the depassivation of hyinto SiO 2 on the SILC of gate oxides. As a result, we found that the SILC is suppressed by deuterium pyrogenic oxidation under F-N electron injection from the substrate. On the other hand, it was confirmed that no deuterium effect is observed in the gate injection case, and that the SILC is not improved by deuterium annealing although a large amount of deuterium is contained in the SiO 2 film. This finding indicates that there are two possible origins for the SILC, hydrogen-related and hydrogen-unrelated.
